A two-layer mass transfer model developed to describe the vertical silica profile in the sediments of a muddy zone of the North Sea along the Belgian coast is applied to the description of the microbiological processes involved in nitrogen diagenesis in the same sediments. Intense aerobic heterotrophic activity and nitrification are postulated in the upper 1 ayer. Denitrification and sulfate reduction are assumed to be preponderant in the lower layer. Vertical profiles of oxygen, sulfate, nitrate, and ammonium are then calculated according to the model and adjusted to experimental profiles. The fluxes of nitrate and ammonium across the water-sediment interface and the rates of ammonification, nitrification, and denitrification in the two layers are calculated from the results of the models.
It has been shown (Vanderborght et al. 1977 ) that the mass transfer mechanisms in the muddy sediments of the coastal region of the North Sea can be described by considering two distinct layers, with two different mass transfer coefficients.
In the purely physicochemical model built up for silica, the same expression for the reaction rate was used in the two layers. The application of a similar model to other nutrients like nitrogen, for which microbiological action is of importance, requires that we consider not only different mass transfer mechanisms for the dissolved species, but also the fundamental changes in the biological processes occurring in the two layers. In an organic-rich sediment, the most important factor controlling microbiological activity is probably the availability of oxidants. Therefore the behavior of these oxidants has to be taken into account in any model where microbiological activity occurs. On the other hand, as the overlying water is the major source of these oxidants, their availability is strongly influenced by the mass transfer properties of the two layers.
Kinetic models for Og, Sol,"-, Nom-, NII,+
The most important oxidants for biological activity are oxygen and sulfate. Manga-nese oxide, nitrate, and iron hydroxide utilization, which can account for part of the oxidation of the organic matter in the sediments, will not be taken explicitly into consideration in our simplified models.
The results of Eh measurcmcnts and the experimental sulfate profile (Vanderborght ct al. 1977: fig. 3 ) suggest that oxygen is available in the upper layer and prevents sulfate utilization, while sulfate is extensivcly used as an oxidant in the lower layer. The microbiological decomposition of organic matter can thus be represented by coupling Eq. 1 with Eq. 2 in the disturbed layer and with Eq. 3 in the lower compacted layer: CH20 + 21120 + HC03-+ 5H-' + 4e-; (1) 4e-+ O2 + 4H+ + 2H20;
4e-+ X6042-+ WI-' + %HS-+ 2H20. (3) AmmoniEication, a result of the heterotrophic utilization of organic matter, will thus be under the control of oxygen concentration in the upper layer and of sulfate concentration in the lower layer. Because it is an obligate aerobic process, nitrification is supposed to occur in the upper oxygenated layer while denitrification is only possible in the lower anaerobic layer. The behavior of 02, SOd2-, NH4+, and NOs-in the pore water of the sediment can be described by the general equation
where C is the concentration of the dissolved substance (mol liter-l), r is the rate of production (T > 0) or consumption (r < 0) (mol liter-l s-l), and x, D, and o stand for depth, mass transfer coefficient, and sedimentation rate. Under the assumption of steady state, Z/at = 0. The expression of the rates of reaction will now be discussed briefly for each constituent.
Oxyge-A Michaelis-Menten function would be the best way of expressing the oxygen consumption rate. However, for mathematical simplification, this MichaelisMenten kinetics has been approximated by zero-order kinetics at an oxygen concentration higher than some critical value (around 1% saturation) and by first-order kinetics at lower concentrations. It is also assumed that this critical oxygen concentration is reached at the boundary between the upper and the lower layer, so that roz = -ko, for x < xfi
where xn is the thickness of the upper layer. Sulfate-As stated above, sulfate reduction does not occur in the well aerated part of the sediment, but only in the lower layer. The kinetics of bacterial sulfate reduction have been studied by several workers, and the effects of sulfate concentration and of organic matter availability on the reaction rate have been investigated. Laboratory experiments performed on synthetic substrates or natural organic-rich muds have shown that the sulfate reduction rate is independent of sulfate concentration above some limit, between 1 and 10 mM, and proportional to the sulfate concentration below this limit (Postgate 1951; IIarrison and Thode 1958; Ramm and Bella 1974; Martens and Berner 1974; Rees 1973) . Accordingly, a two-layer model may be considered, with no reaction in the upper layer and with sulfate reduction following Michaelis-Menten kinetics in the lower layer:
As no general agreement has been reached so far concerning the precise value of the limiting concentration, both first-order and Michaelis-Menten kinetics have been applied over the entire reducing layer. Both calculations fit the experimental profile quite satisfactorily, and no selection of the most probable mechanism can be made through comparison with the experimental results. For mathematical simplification, only first-order kinetics have been used here under: rso, =o for x <Zn = -kso, X ( SOd2-) for x > Zn* Nit&e-The modeling of nitrification and denitrification in sediments has been extensively discussed by Vanderborght and Billen (1975) . The same model is used here; a constant nitrification term is assumed in the upper layer and a first-order denitrification rate is postulated in the lower one. Thus 
in the upper layer. Ammonium-As ammonium production is an effect of heterotrophic activity, its rate is related to the rate of oxygen consumption in the upper layer and to the rate of sulfate reduction in the lower layer, A consumption term due to nitrification must also be taken into account in the upper layer. On the other hand, denitrification in natural water and sediments produces essentially nitrogen, and no ammonium (Chen et al. 1972; Wheatland et al. 1959; Chan and Campbell 1973) . There is thus no additional production term in the lower layer:
f+NII, = -ho, + hn, for X < Zn = Lykso, x ( SOJ2-) for x > zn, where a is the stoichiometric ratio between ammonium production and sulfate utilization in the anaerobic degradation of the organic matter. (02) d (02) dzL -Wdz -kA2(02) = 0
Go,+ h4= 0 D2d;;y4) -wd(E4) +akS$04) = 0 It must be emphasized that the expressions of the rate of microbiological processes represent only an operational schematization of a much more complex reality. Most of the processes considered above are in fact the result of the complementary action of several bacterial groups, each utilizing the metabolic product of the other. A very simple and well understood example is the process of nitrification, performed by two separate groups of bacteria, the first one oxidizing ammonia to nitrite and the second oxidizing nitrite to nitrate. The anaerobic oxidation of organic matter with sulfate as oxidant is also not the result of the activity of a single bacterial group. Sulfate-reducing bacteria are generally considered to be specially adapted to the degradation of C-3 or C-4 organic compounds (Goldhabcr and Kaplan 1974) . Recent studies have shown that lactate is the main source of energy for sulfate reduction in mud of freshwater lakes (Cappenberg 1974) as well as in marine or brackish water environments (Vosjan 1975) . This implies that sulfate-reducing bacteria are closely associated with fermenting organisms producing lactate from more complex organic matter. Similar phenomena of substrate interactions between several groups of bacteria must also occur for aerobic organic matter oxidation, ammonification, etc. The expressions of the microbiological reaction rates discussed above are not intended to be an accurate description of the complex metabolic mechanisms along the bacterial chain, but rather to account in the simplest way for the effect of the whole sequence of limiting steps.
The equations for each species are summarized in Table 1 . They can be put under the more general form
for the upper layer, with 011= PI = 0 (no reaction) , al = 0 and /31# 0 (zero-order reaction) or al # 0 and /31= 0 (first-order reaction). For the lower layer, where only first-order reactions have been considered, the general equation is
This system can bc solved analytically with the conditions C = Co for X = 0; CZ,&-= C, +; -Dl( dC,'dx) 1 x,-= -Dz ( dC,dx )', xl,+.
The general solution of the system is reported in Table 2 . As the ammonium profile is dependent on sulfate concentration in the lower layer, the diagenetic equations for ammonium have been solved separately. Eleven parameters ( zn, o, D1, Dz, ko,, k'o,, k kNo k'N03, kNH,, a) have to be fixed f ZcalcuYation of the concentration profiles from these theoretical solutions. Of these, four ( xlz, o, DI, Dz) have been determined in the silica model (Vanderborght et al. 1977) . A further parameter, a, can be easily estimated. The results of determining alkalinity and ammonium in the pore water of the lower layer ( Fig. 1) show that 1 mole of ammonium is produced for each 11 molts of organic carbon oxidized. This value is in close agreement with the organic carbon: nitrogen ratios cited by Emery ( 1960) (11.2 for sediments between Oand 35-cm depth). It is also known that this ratio shows a large range of variation in the first centimeters of the sediments the sediment. Considering the stoichiometry of reactions 1 and 3, the value of a is because of the rapid degradation of amino then 2/11 e 0.18. Furthermore, a relation acids soon after burial (Berner 1971) . must exist between three other parameters, C : N ratios of 8 and 11 have thus been ke,, kNoa, and k,n, since the oxygen conchosen for the upper and lower layer of sumption is indeed the result of both aero- bit heterotrophic activity and nitrification. The remaining parameters must now be If we consider a AC : AN ratio equal to 8 chosen to fit simultaneously the three exfor this upper layer, the stoichiometry of perimental profiles ( SOd2-, NOs-, NF-Id+). the coupled reactions 1 and 2, and of the As far as oxygen is concerned, no experireaction 4, the val.ue of ke, can be expressed mental profile is available. However, some bY constraints can be formulated:
oxygen conko, = SkNR4 -t-2kNo3.
(5) centration at the water-sediment interface Table 1 for selected values of the parameters. We can see that the theoretical curves are very sensitive to small variations of the parameters; the range of allowed values is thus very narrow. The best fit is obtained for the following values: k 02 = 5.0 X 1O-6 pm01 cm-8 s-l PO, = 1.5 x 1o-3 s-l k so4 = 2.5 X 1O-8 s-l (first-order) k's, = 2.0 x 1O-7 pmol cm-3 s-l and Kfil = 2.0 pm01 cm-3 (Michaelis-Menten kinetics ) k NO, = 1.5 X lo-" pm01 cm-3 s-l k NIT4 = 2.0 X 1O-6 pm01 cm-3 s-l
The value of ko, is too low by a factor of 3.5 to satisfy relation 5. This is probably because other oxidants can be used in the upper layer [ MnOa, NOa-, Fe( OH) 3] and have not been taken into account by the model. If these oxidants are used successively, as in the Scheldt Estuary (Billen and Smitz 1975 ), a multilayer model would be necessary to describe the phenomena. IIowever, experimental results are not yet sufficient to allow such a model to be elaborated.
Discussion
The six values of the kinetic constants used in the model have been determined only by fitting the theoretical profiles of dissolved species in pore water to the experimental ones. Comparison with direct measurements of microbiological activity in sediments must now be made to see if these values are realistic. Direct mcasure-
